It has previously been shown that virus enters the murine CNS 4 days after peripheral inoculation, spreads to the anterior olfactory nucleus, the pyriform cortex, and the hippocampal formation at 5 days postinfection (p.i.), and then spreads throughout the cerebral cortex, caudate putamen, thalamus, and brain stem between 6 and 9 days p.i. 
Murray Valley encephalitis virus (MVE) is a member of the
Flavivirus genus of the family Flaviviridae, a group of small, lipid-enveloped plus-strand RNA viruses (45) , most of which are transmitted to vertebrate hosts by invertebrate vectors. Arthropod-borne flaviviruses are the causative agents of several diseases of public health significance, including yellow fever, dengue fever, Japanese encephalitis (JE), St. Louis encephalitis, and Murray Valley encephalitis. Flaviviruses are grouped into eight antigenic complexes on the basis of crossreactivity in neutralization assays (6) . MVE is a member of the JE virus serocomplex, a group of antigenically and genotypically related viruses (33) which are mosquito transmitted and encephalitogenic in humans. The known distribution of MVE is confined to certain regions of Australia and Papua New Guinea, where it is responsible for endemic cases of encephalitis in tropical northwestern Australia and for occasional epidemics in temperate southeastern Australia (24) .
MVE causes age-dependent encephalitis in mice after peripheral inoculation (23) and provides a good model of arbovirus-mediated encephalitis in humans (27, 28) . Despite this, the mechanism for development of encephalitis in mice infected with viruses of the JE virus serocomplex has not been elucidated. However, it is known that encephalitogenic flaviviruses replicate exclusively within neurons in the murine central nervous system (CNS) (15, 26, 30) and that disease severity and pathological changes within the CNS correlate directly with the distribution and relative quantity of virus in the MVE-infected mouse brain (5, 26) .
Replication of flaviviruses within the murine CNS has been shown to provoke an intense meningeal, perivascular, and parenchymal inflammatory cell response (5, 14) . Neuronal injury and destruction are associated with adherence of inflammatory cells (neutrophils and macrophages) to infected neurons (neuronophagia). The role of inflammation in the pathogenesis of flavivirus encephalitis has been further clarified by experiments in which mice were immunosuppressed prior to infection with virus. Immunosuppression of mice during infection with West Nile virus (7) or tick-borne encephalitis virus (36) resulted in prolonged survival, reduced mortality, and a reduction in CNS inflammatory cell infiltration compared to those for immunocompetent mice. Furthermore, it has been suggested that synthesis of cytokines and reactive oxygen and nitrogen intermediates by inflammatory cells infiltrating the CNS may cause toxic damage to neurons in several animal models of encephalitis (18) , including flaviviruses (19) . Thus, existing data support the hypothesis that flavivirus-mediated encephalitis is an immunopathological disease.
In this study, we have examined neutrophil inflammatory responses to MVE infection in the CNS by immunohistochemistry and have assessed the role of neutrophils in the pathogenesis of encephalitis by in vivo depletion with a cytotoxic antineutrophil monoclonal antibody (MAb). We have also examined expression of the proinflammatory cytokine tumor necrosis factor alpha (TNF-␣), the murine neutrophil-attracting chemokine N51/KC, and the inflammatory cell-associated enzyme, inducible nitric oxide synthase (iNOS), within the murine CNS in response to MVE infection. We have investigated the role of the inflammatory mediator nitric oxide in the pathogenesis of encephalitis by inhibition of iNOS with the drug aminoguanidine. Finally, we have studied the development of apoptosis within MVE-infected neurons at increasing times postinfection (p.i.) by double labelling for viral RNA by in situ hybridization and for apoptosis by in situ terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labelling (TUNEL) assay.
MATERIALS AND METHODS
Virus strains and cells. MVE BH3479 (25) was passaged once in suckling mouse brain and twice in C6/36 (Aedes albopictus) cells. Working stocks were culture supernatants of C6/36 cells. Cell culture media and cell and virus stocks were tested for the presence of endotoxin by Limulus amoebocyte lysate assay (E-Toxate; Sigma) before use in animal studies; measurable quantities of endotoxin were not detected in any of these reagents.
African green monkey kidney (Vero) cells (ATCC CCL 81), used between passage levels 124 and 128, were grown at 37°C in 20 mM HEPES-buffered M199 supplemented with 2 mM L-glutamine and 10% fetal calf serum (FCS) in 5% CO 2 -95% air. C6/36 cells (ATCC CRL 1660), used between passage levels 122 and 132, were grown at 28°C in M199 supplemented with 2 mM L-glutamine and 10% FCS.
Plaque assay. Virus was assayed by plaque formation on Vero cell monolayers grown in 12-well plastic trays (tissue culture grade; CoStar Scientific Inc., Cambridge, Mass.). After 1 h of adsorption of serial 10-fold dilutions of virus, inoculum was removed and cells were overlaid with 1.75% methylcellulose in 2% FCS-M199. Following 5 days at 37°C in 5% CO 2 , monolayers were stained with 1% methylene blue-10% formalin and plaques were counted after overnight incubation. Infectivity titers were expressed as PFU per milliliter.
Virus infection of mice. Groups of 21-day-old Swiss mice were inoculated in the left footpad or intraperitoneally (i.p.) with 10 4 PFU of virus. At the indicated times p.i., three to four mice from each group were anesthetized, killed by exsanguination through intracardiac puncture, and perfused with sterile phosphate-buffered saline (PBS), pH 7.4. Brains were dissected with the olfactory bulbs intact and prepared for frozen sectioning and RNA extraction as outlined below. All animal experiments were undertaken in accordance with protocols approved by the University of Western Australia Animal Experimentation Ethics Committee.
For viral growth studies, brains were dissected intact, snap frozen in liquid nitrogen, and stored at Ϫ80°C. The brains were subsequently dispersed in Dounce homogenizers and prepared as 10% suspensions in Hanks' balanced salt solution, pH 8.0, containing 2% bovine serum albumin. Virus was titrated by plaque formation on Vero cell monolayers; the threshold for detection of virus was 100 PFU/g of tissue.
Extraction of RNA from virus-infected mouse brain. RNA was extracted from MVE-infected or mock-infected mouse brain using RNAzol-B (Tel-Test Inc.) according to the manufacturer's instructions. The brains were weighed before dispersal in Dounce homogenizers (2 ml of RNAzol-B per 100 mg of brain tissue). After dispersal, 10 l of chloroform was added per 100 l of homogenate, shaken for 15 s, and incubated on ice for 15 min. After centrifugation at 15,000 rpm (4°C) for 15 min in a microcentrifuge (Eppenderf), the aqueous layer was removed and the RNA was precipitated by the addition of an equal volume of isopropanol followed by centrifugation. The pellet was washed in 80% ethanol-20% diethyl pyrocarbonate (DEPC)-treated double-distilled water (ddH 2 O), air dried, and redissolved in 50 l of DEPC-treated ddH 2 O. Contaminating DNA was digested with RQ1 RNase-free DNase (Promega) for 15 min at 37°C. RNA was then reprecipitated in 2 volumes of ethanol, washed, and resuspended in 50 l of DEPC-treated ddH 2 O. The quantity of RNA in each sample was determined by spectrophotometry, and the RNA quality was assessed by agarose gel electrophoresis on 0.1% sodium dodecyl sulfate-1% agarose gels; RNA solutions were standardized to a concentration of 1 g/l in DEPC-treated ddH 2 O and stored at Ϫ80°C.
RT-PCR on mouse brain RNA preparations. First-strand cDNA synthesis was undertaken on the MVE-infected and mock-infected mouse brain RNA samples. Each cDNA reaction mixture contained 1 mM deoxynucleoside triphosphates, 5 mM MgCl 2 , 16 U of RNase inhibitor (Promega), 25 U of Moloney murine leukemia virus reverse transcriptase (RT; Promega), 1 g of mouse brain RNA, and 30 pmol of downstream primers for the constitutively expressed cellular gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase), MVE envelope (E) gene, TNF-␣, N51/KC, or iNOS. The samples (20-l volume) were incubated in a Perkin-Elmer GeneAmp 2400 thermocycler for 30 min at 37°C, and the reaction was stopped by heat inactivation at 95°C for 5 min.
The first-strand cDNA samples were made up to 100 l of PCR mixture containing 50 mM Tris HCl (pH 8.3), 2 mM MgCl 2 , 0.2 mM deoxynucleoside triphosphates, 2 U of Taq polymerase (Promega), and 30 pmol of upstream primers. The primer pairs for GAPDH, N51/KC, iNOS, and TNF-␣ were designed to cross introns to avoid confusion between mRNA and genomic DNA. PCR conditions were optimized for each set of primers. After an initial denaturation step at 94°C for 2 min, the samples were subjected to 30 (TNF-␣, N51/KC, and iNOS) or 35 (GAPDH and MVE E gene) cycles of denaturation at 94°C for 30 s, annealing at 45°C (GAPDH, MVE E gene, iNOS, and TNF-␣) or 65°C (N51/KC) for 1 min, and extension at 72°C for 2 min. Samples then underwent a final incubation at 72°C for 10 min. After PCR, the amplified products were separated by electrophoresis on 1% agarose gels. The predicted sizes for the RT-PCR products are 520 bp for GAPDH, 427 bp for the MVE E gene, 374 bp for TNF-␣, 539 bp for N51/KC, and 492 bp for iNOS. Nucleotide sequences of the oligonucleotide primers used in the RT-PCR assays are shown in Table 1 .
Southern hybridization of RT-PCR products. After agarose gel electrophoresis, the cDNA contained in the gel was denatured for 45 min in denaturing solution (1.5 M NaCl, 0.5 M NaOH), rinsed in water, and soaked in neutralizing solution (1.5 M NaCl, 0.5 M Tris HCl [pH 7.5]) for 45 min. The cDNA was transferred overnight onto a nylon membrane (Hybond Nϩ; Amersham) by capillary transfer in 20ϫ SSC (3 M NaCl, 0.3 M sodium citrate).
Oligonucleotide probes complementary to the internal sequence of the RT-PCR products were end-labelled with [␥-
32 P]ATP in the presence of T4 polynucleotide kinase (Promega) at 37°C for 45 min, followed by heat inactivation for 10 min at 68°C, and the labelled probes were concentrated by ethanol precipitation. The nylon membrane was incubated in hybridization solution (7% sodium dodecyl sulfate, 0.5 M Na 2 HPO 4 -NaH 2 PO 4 [pH 7.0], 1 mM EDTA, 1% bovine serum albumin) for 2 h at 65°C, followed by hybridization of 32 P-labelled oligonucleotide probes (50 ng) in hybridization solution at 65°C for 12 to 14 h. Following overnight hybridization, the membrane was washed to remove unbound probe, air dried, and exposed to X-ray film overnight at Ϫ80°C. Oligonucleotide probe sequences are shown in Table 1 .
The autoradiographs were scanned on a transmissive flatbed scanner, and the densities of the bands were quantified by using ImageQuaNT software (Molecular Dynamics). The relative densities of the bands for the MVE E gene, TNF-␣, N51/KC, and iNOS mRNA were determined by reference to the density of the GAPDH mRNA band. The density of the GAPDH band at each time point varied no more than twofold.
Preparation of frozen tissue sections. After dissection, the brains were covered in Cryo-M-Bed (Bright Instruments) embedding medium, snap frozen in liquid nitrogen, and stored at Ϫ80°C. Coronal or sagittal sections were cut on a cryostat and mounted onto slides which had been precoated with 3-aminopropyltriethoxy-silane (ICN Biochemicals). Tissue sections used for in situ hybridization (ISH) were cut to a thickness of 15 m, air dried at room temperature for 30 min, fixed in phosphate-buffered 2% paraformaldehyde for 15 min, washed three times in PBS, and stored at 4°C in 70% ethanol-30% DEPC-treated water. Tissue sections used for immunohistochemistry were cut to a thickness of 8 m, fixed in ice-cold acetone for 15 min, followed by phosphate-buffered 2% paraformaldehyde for 15 min, rinsed in distilled water for 3 min, and stored at Ϫ20°C.
ISH. Tissue sections were treated with 0.2 N HCl for 20 min at room temperature, acetylated for 10 min in 0.25% acetic anhydride (ICN Biomedicals) containing 0.1 M triethanolamine (Sigma), and washed in PBS (three times). The sections were permeabilized by digestion in proteinase K (10 g/ml; Boehringer Mannheim) for 15 min. Prehybridization was at room temperature for 2 to 3 h in 100 l of hybridization buffer (50% formamide, 2ϫ SSC, 0.01 M Tris HCl, 12.5% Denhardt's solution, 0.1% Triton X-100, 250 g of sheared, denatured salmon sperm DNA per ml, 5 mg of sodium pyrophosphate per ml). Hybridization solution was prepared by adding 200 ng of digoxigenin (DIG)-cRNA per ml of hybridization buffer, heated for 5 min at 85°C to denature the probe, and chilled on ice. Preparation of the MVE E gene probe for ISH was previously described by McMinn et al. (26) . Prehybridization solution was removed, 100 l of hybridization mixture was added, and hybridization was allowed to occur at 37°C for 18 to 20 h in a humidified chamber. After hybridization, the coverslips were re- Upon completion of the hybridization step, the sections were incubated for 30 min with RNase A (1 g/ml in 2ϫ SSC) to digest unbound probe and washed twice in 0.2ϫ SSC for 30 min at 37°C and once in 0.1ϫ SSC for 15 min at room temperature. Tissue sections were then incubated in buffer solution (0.1 M Tris HCl [pH 7.5], 0.15 M NaCl) containing 0.5% (wt/vol) blocking reagent (Boehringer Mannheim) at room temperature for 30 min, followed by incubation with anti-DIG polyclonal antiserum alkaline phosphatase conjugate (1:500 in blocking buffer) (Boehringer Mannheim) for 1 h. Tissue sections were then washed twice in PBS (15 min each) at room temperature before commencing the TUNEL assay.
TUNEL assay. Prior to commencing the TUNEL assay, endogenous peroxidase activity was blocked by immersion of the sections in 1% hydrogen peroxidemethanol for 10 min. This was followed by a 1-h incubation (at 37°C) in labelling mix (consisting of 50 mM cacodylate buffer [pH 6.8], 0.5 mM CoCl 2 , 0.05 mM dithiothreitol, 0.15 mM dATP, 40 U of terminal deoxynucleotidyltransferase [Promega], 0.6 l of biotin-16-dUTP [Boehringer Mannheim]). After labelling, the sections were blocked with 2% normal sheep serum and 0.2% Triton X-100 in PBS, followed by a 30-min incubation with streptavidin horseradish peroxidase conjugate (Pierce) diluted 1:100 in PBS.
Visualization of the ISH and TUNEL signals in the tissue sections. The ISH signal was detected by using the alkaline phosphatase substrate fast red TR/ Naphthol (Sigma) to give a red cytoplasmic signal for viral RNA. The TUNEL signal was visualized by incubation with diaminobenzidine (Pierce) for 20 min, followed by incubation for 5 min in 0.5% copper sulfate in 0.15 M NaCl 2 , resulting in a dark brown nuclear signal. The double-labelled tissue sections were then washed several times in distilled water, lightly counterstained with hematoxylin, and mounted in CrystalMount (Biomeda), followed by DePeX (Gurr Scientific) and a glass coverslip. Specific neuroanatomical structures in the mouse brain were identified by reference to a stereotaxic atlas of the mouse brain (12) .
Immunohistochemistry. Tissue sections were rehydrated in PBS for 5 min, digested with trypsin (1 g/ml) for 30 min at 37°C, and blocked with 5% normal rat serum for 30 min at room temperature. The sections were then incubated overnight (4°C) in undiluted cell culture supernatant of rat anti-mouse GR1 monoclonal antibody (RB6-8C5; a gift from R. Ashman, Department of Pathology, The University of Western Australia). The sections were then rinsed in PBS, and endogenous peroxidase activity was quenched by incubation in 1% hydrogen peroxide in PBS for 30 min. The sections were then incubated with biotinylated goat anti-rat antibody (Pierce) diluted 1:250 in PBS for 30 min and streptavidin horseradish peroxidase diluted 1:250 in PBS for 30 min. Bound primary antibody was detected by using a modified Hanker-Yates stain (13, 32) In vivo depletion of neutrophils in BALB/c and Swiss mice. Cell culture supernatant containing the RB6-8C5 MAb (IgG2b) and normal rat serum (antibody isotype control) were concentrated by ammonium sulfate precipitation; the protein concentration was determined by using a spectrophotometer and was adjusted to 2 mg/ml with PBS. Groups of 21-day-old Swiss mice were injected i.p. every second day with 200 g of RB6-8C5 MAb or with 200 g of rat serum protein for 8 days. To assess the adequacy of neutrophil depletion, peripheral blood smears were collected daily by saphenous vein puncture, stained with Diff-Quik (Lab Aids), and examined by light microscopy. Neutrophils were identified by their characteristic morphology, and the total cell number in four high-power fields was determined; three mice were examined per time point.
The effectiveness of MAb RB6-8C5 in depleting neutrophils in mice with a peripheral neutrophilia was determined by injecting 20 mg of lipopolysaccharide (LPS; Escherichia coli serotype O55:B5; Sigma) per kg of body weight i.p. before commencing second daily i.p. injections of MAb. Peripheral neutrophil numbers were determined as outlined above.
Treatment of mice with aminoguanidine. Groups of 21-day-old Swiss mice were treated twice daily by i.p. injection with 250 or 500 mg of aminoguanidine hemisulfate (Sigma) per kg in PBS for up to 14 days; 1% aminoguanidine (wt/vol) was provided continuously in the water supply throughout the experiment. Control mice were injected with PBS only. No aminoguanidine was added to the water supply of control mice.
To examine the effectiveness of aminoguanidine in the inhibition of iNOS activity in vivo, groups of 21-day-old mice which had received 250 or 500 mg of aminoguanidine per kg or placebo (as above) for 14 days were challenged with LPS (20 mg/kg, i.p.) and nitric oxide concentrations in serum samples were measured 12 h later by chemiluminescence by using a Sievers 280 NO analyzer (Sievers Instruments, Boulder, Colo.).
Statistical analysis. Tests of statistical significance were used to compare differences in the average survival (Student's t test) and percent mortality ( Recently published studies indicate that the neurovirulence of certain flaviviruses results from their ability to induce infected neurons to undergo apoptosis (10, 11, 22) . Our initial experiments were designed to test the hypothesis that MVE causes encephalitis in mice by inducing apoptosis in infected neurons. Thus, we developed an assay in which viral RNA is detected by ISH and apoptosis is detected by in situ TUNEL assay in the same tissue section. This assay provided a clear picture of the proportion of virus-infected CNS cells which developed apoptosis during the time course of MVE infection in Swiss mice (see above).
As noted previously (26), viral RNA was first detected in the olfactory bulb of BH3479-infected mice at 4 days p.i. and spread in a rostral-to-caudal direction over 4 to 5 days (data not shown). Viral RNA was widely distributed in the CNS from 6 days p.i. Double ISH and TUNEL staining in single cells was observed from 5 days p.i. in neurons of the anterior olfactory nucleus ( Fig. 2A) , pyriform cortex, dentate gyrus, proximal CA3 (Fig. 2B) , distal CA1, caudate putamen, cerebral cortex, and midbrain. In all cases, viral RNA was detected at least 1 day before the appearance of TUNEL-positive nuclei. TUNEL-positive nuclei were never observed in uninfected neurons. Despite the majority of neurons within these structures showing viral RNA presence by 6 days p.i., fewer than 1 infected neuron per 1,000 showed evidence of apoptosis by in situ TUNEL assay.
A mixed-cell inflammatory infiltrate, in which neutrophils predominated, developed in the CNS of BH3479-infected mice between 5 and 6 days p.i. From 7 days p.i., inflammatory cells comprised the majority of TUNEL-positive cells in BH3479-infected mouse brain sections (data not shown). However, none of the TUNEL-positive inflammatory cells showed evidence of infection with MVE.
Time course and distribution of neutrophils in MVE-infected brain. As noted above, only a small percentage of MVEinfected neurons appeared to undergo apoptosis, with most infected neurons showing no evidence of virus-induced cytopathology. However, a mixed-cell inflammatory infiltrate, predominated by neutrophils, was seen from 5 days p.i. and correlated with the onset of lethal encephalitis. This observation suggested the possibility that inflammatory responses to MVE infection may contribute to the severity of disease. Thus, we undertook experiments to identify the temporal and spatial distribution of neutrophils within the murine CNS in response to MVE infection.
Groups of 21-day-old Swiss mice were infected i. (17) . Neutrophils were first identified at 4 days p.i. within and surrounding meningeal blood vessels. From 5 days p.i., neutrophils were observed within the parenchyma of the CNS and were often observed as distinct foci adherent to infected neurons (Fig. 3A) . Neutrophil infiltration was heaviest in structures of the hippocampal formation, including the dentate gyrus, CA1, CA3 (Fig. 3B) , and subiculum, and within midbrain structures, such as the thalamus. Neutrophil infiltration corresponded closely to areas of the CNS that were infected with virus and occurred concurrently or within 24 h of infection of particular CNS structures. After entering into the CNS parenchyma at 5 days p.i., neutrophil numbers increased progressively until 7 days p.i., after which no further increases in cell number were observed (data not shown).
Effect of neutropenia on the outcome of MVE infection in mice.
We have shown that the CNS parenchyma becomes infiltrated with neutrophils in response to MVE infection from 5 days p.i. Infiltrating neutrophils have been shown to inflict significant damage within the CNS during the acute inflammatory response to occlusion-reperfusion injury in mice (31) . In order to determine if infiltrating neutrophils contribute to the pathogenesis of encephalitis, a comparison of the severity of MVE infection in neutropenic and nonneutropenic Swiss mice was undertaken.
Neutropenia was induced in mice by treatment with MAb RB6-8C5 (200 g, i.p., every 2 days). Neutrophil numbers decreased from an average of 5 ϫ 10 3 to 7 ϫ 10 3 /ml to 0.1 ϫ 10 3 to 0.2 ϫ 10 3 /ml within 24 h of treatment, representing a drop of 96 to 98% compared to the numbers in rat serum protein-treated (antibody isotype) controls. The duration of neutrophil depletion during treatment with MAb RB6-8C5 was 4 days, after which neutrophil numbers rapidly returned to pretreatment levels (data not shown). The transient neutropenia induced by RB6-8C5 treatment before the return of normal cell numbers is consistent with the findings of earlier studies (9, 42, 43) . The aim of the experiment described below was to determine the effect of MAb RB6-8C5-induced neutropenia on the severity of encephalitis during the CNS phase of MVE infection in Swiss mice, that is, between 5 and 9 days p.i. (Fig.  1) .
Groups of 21-day-old Swiss mice were inoculated i.p. with 10 4 PFU of BH3479 and treated with MAb RB6-8C5 (200 g, i.p.) or rat serum protein (200 g, i.p.) at 5, 7, and 9 days p.i.; mice were observed for signs of illness and death until 21 days p.i. (Table 2 ). Mice treated with MAb RB6-8C5 had significantly prolonged survival (P Ͻ 0.05) and reduced mortality (P Ͻ 0.01) compared to the rat serum-treated controls. Immunohistochemical analysis indicated that neutrophils were undetectable in the CNS of MVE-infected, neutropenic mice between 5 and 9 days p.i., whereas mice treated with rat serum over the same time period had CNS neutrophil numbers comparable to sham neutrophil-depleted, MVE-infected mice (data not shown). Also, the prolonged survival of neutropenic, MVE-infected mice was not due to reduced viral neuroinvasion, as virus entered the CNS at 5 days p.i. in both neutrophildepleted and mock-depleted mice and virus titers in the CNS of both groups were almost identical between 5 and 9 days p.i. (between 10 8 and 10 9 PFU/g). Expression of TNF-␣, N51/KC, and iNOS mRNA in MVEinfected brain. We have shown that neutrophils infiltrate the CNS parenchyma of MVE-infected mice between 5 and 9 days p.i. and appear to contribute to the severity of encephalitis. However, the stimulus for neutrophil infiltration into the CNS, and the mechanism by which neutrophils disturb CNS function during MVE infection, is not known. TNF-␣ is known to be expressed by resident CNS cells, especially astrocytes (44) , in response to viral infection and to activate cerebral endothelial cells, resulting in leukocyte adhesion to the cerebral capillary wall (margination) (35) . N51/KC is a murine homologue of human interleukin-8 (IL-8) and is a powerful neutrophil chemoattractant (40, 41) . N51/KC is known to be expressed in the CNS (41) and stimulates the movement of marginated neutrophils into the CNS parenchyma. Neutrophils produce several substances that are toxic to neurons, including reactive oxygen and nitrogen intermediates (38) . A high level of expression of iNOS (and thus nitric oxide) within the CNS is associated with the severity of encephalitis in several animal models (8, 18, 44) . Thus, we were interested in determining if TNF-␣, N51/KC, and iNOS were expressed within the CNS of MVE-infected mice during the encephalitic phase of infection.
Groups of 21-day-old Swiss mice were infected i.p. with 10 4 PFU of BH3479, and brain tissue was collected from three or four mice between 2 and 8 days p.i., inclusive. These mice were part of the same experiment as the neutrophil distribution study (see above), allowing us to correlate the expression of TNF-␣, N51/KC, and iNOS with that of neutrophil infiltration in the same animals. RNA extracted from brain tissue was used as a template for RT-PCR or Southern hybridization to identify mRNA for GAPDH, TNF-␣, N51/KC, iNOS, and MVE E gene RNA (Fig. 4) . GAPDH mRNA was used as a standard to allow determination of the relative quantities of MVE E gene RNA and TNF-␣, N51/KC, and iNOS mRNA present in each sample by densitometry of the Southern blot bands (data not shown). MVE E gene RNA was first detected in one of three infected mice at 5 days p.i. and was present in the brains of all mice at similar concentrations between 6 and 8 days p.i. TNF-␣ and N51/KC mRNA were detected at low levels in the CNS of mock-infected mice and MVE-infected mice between 2 and 5 days p.i. Levels of TNF-␣ and N51/KC mRNA increased six-to eightfold in the CNS of MVE-infected mice between 6 and 8 days p.i., concurrent with infiltration of neutrophils into the CNS of the same animals and with the onset of encephalitis (see above). By contrast, iNOS mRNA was not detected in the CNS of mock-infected or MVE-infected mice between 2 and 5 days p.i. but was expressed at a high level between 6 and 8 days p.i. As noted for TNF-␣ and N51/KC, expression of iNOS mRNA coincided with neutrophil infiltration into the CNS and with the onset of encephalitis.
Effect of aminoguanidine inhibition of iNOS on the outcome of MVE infection. It has been suggested that the expression of nitric oxide by infiltrating inflammatory cells may disturb neuron function in virus-mediated encephalitis (18) . Thus, it was of interest to study the effect of nitric oxide expression in the CNS on the outcome of MVE infection in mice.
Groups of 21-day-old Swiss mice were treated with aminoguanidine at a concentration of 250 or 500 mg/kg (twice daily, i.p., 15 days); a placebo group received diluent (PBS) only. Twenty-four hours after the commencement of aminoguanidine treatment, mice were infected or mock-infected with 10 4 PFU of BH3479 in the left footpad and were observed for signs of illness and death during the following 14 days. The percent mortality and average survival in groups of mice treated with aminoguanidine were compared with those of placebo-treated mice (Table 3 ). Percent mortalities in the two aminoguanidinetreated mouse groups differed significantly from those of the placebo-treated mice (P Ͻ 0.05). In addition, the average survival of mice treated with 250 mg of aminoguanidine per kg (8.7 Ϯ 1.9 days; P Ͻ 0.01) or with 500 mg of aminoguanidine per kg (9.1 Ϯ 1.9 days; P Ͻ 0.001) was significantly prolonged compared to the average survival of placebo-treated control mice (7.6 Ϯ 1.5 days).
The effectiveness of iNOS inhibition by aminoguanidine was determined by comparing concentrations of nitric oxide in serum 12 h after LPS stimulation (20 mg/kg, i.p.) of mice that had been treated with 250 or 500 mg of aminoguanidine per kg or with placebo for 14 days. Mice treated with placebo but not given LPS stimulation had an average serum nitric oxide concentration of 0.49 Ϯ 0.11 M. In contrast, LPS stimulation of placebo-treated mice resulted in an average serum nitric oxide concentration of 3.51 Ϯ 3.91 M. Mice that had been treated with 250 and 500 mg of aminoguanidine per kg had average serum nitric oxide concentrations of 0.63 Ϯ 0.36 M and 0.42 Ϯ 0.28 M, respectively, 12 h after LPS stimulation, indicating that aminoguanidine treatment reduced serum nitric oxide levels to pre-LPS stimulation levels.
DISCUSSION
In this study, we have examined the pathological features of CNS infection with a virulent strain of MVE in weanling Swiss mice after peripheral inoculation. Virus entered the CNS via the olfactory bulb at 4 days p.i. and spread throughout the CNS in a rostral-to-caudal direction over a 4-to 5-day period, consistent with previous observations (26) , and caused 95 to 100% mortality with an average survival of 6.9 Ϯ 1.2 days. Infected mice developed encephalitis from 5 days p.i., associated with development of a mixed inflammatory cell infiltrate in which neutrophils predominated. The inflammatory cell infiltrate was distributed in perivascular regions and in virus-infected regions of the CNS parenchyma. Neutrophils were first seen in significant numbers in meningeal vessels at 4 days p.i. and within the CNS parenchyma at 5 days p.i. Neutrophil numbers steadily increased until 7 days p.i. and were seen only in areas of the CNS known to be infected with virus. Neutrophil infiltration coincided with increased expression of mRNA for TNF-␣ and the neutrophil-attracting chemokine N51/KC in the CNS. Depletion of neutrophils with a cytotoxic antineutrophil MAb during the CNS phase of infection resulted in significantly prolonged survival and reduced mortality compared to those of the controls. Induced expression of the inflammatory mediator iNOS mRNA within the CNS also correlated with the onset of encephalitis in infected mice. Treatment of MVE-infected mice with the iNOS inhibitor aminoguanidine resulted in significantly prolonged survival and reduced mortality compared to those of the placebo-treated controls.
The mechanism by which flaviviruses induce encephalitis in the host is still incompletely understood. Recent studies have shown that the flaviviruses dengue virus (10) and JE virus (22) induce apoptosis in infected neuroblastoma cells in vitro, suggesting a mechanism by which flavivirus infection may damage neurons within the CNS. Furthermore, the onset of encephalitis in dengue virus-infected mice is associated with the induction of apoptosis in infected neurons (11) . However, we have shown that fewer than 0.1% of infected neurons develop apoptosis in MVE-infected Swiss mice, indicating that virus-induced cell injury is unlikely to be an important mechanism in the pathogenesis of MVE-mediated encephalitis in this model. In contrast, our study has provided a clear demonstration that host inflammatory responses to MVE infection in the CNS make a significant contribution to the pathogenesis of encephalitis. Depletion of neutrophils with a cytotoxic antineutrophil MAb was associated with prolonged survival of MVE-infected mice compared to that of mock-depleted controls, despite the presence of very similar titers of virus in the brains of neutrophil-depleted and control mice. Neutrophil recruitment into the CNS in response to insults such as infection, trauma, and infarction has been shown to have a deleterious effect on brain function (1, 2) . This may be due to the release of toxic inflammatory mediators (31) or to a secondary effect of neutrophilmediated breakdown of the blood-brain barrier (3), resulting in altered CNS homeostasis.
The neutrophil response to MVE infection in the CNS was associated with localized CNS expression of the proinflammatory cytokine TNF-␣ and the neutrophil chemoattractant N51/ KC. Triggers for neutrophil infiltration into the CNS have recently been identified in mice and rats (40) . CNS microglial cells and astrocytes activated by viral infection release IL-1␤ and TNF-␣ early in infection (44) . TNF-␣ is known to activate cerebral endothelial cells and to promote leukocyte (neutrophil and monocyte) margination within cerebral capillaries (35) . TNF-␣ also induces the expression of Cys-X-Cys (CXC) chemokines by CNS cells, including CINC-1 in rats (39) and N51/KC in mice (41) . CXC chemokines provide a potent signal for neutrophil infiltration into the parenchyma of the CNS. Transgenic mice that constitutively express N51/KC in oligodendrocytes develop intense neutrophil infiltration within the CNS parenchyma, associated with disruption of the bloodbrain barrier and chronic neurological dysfunction (41) . Knockout (IL-1␤ Ϫ/Ϫ ) mice develop significantly less paralysis and have lower mortality after infection with a neurovirulent strain of the alphavirus Sindbis virus than control mice of the same strain which express IL-1␤ (21) . Interestingly, despite the differences in clinical outcome, no difference in the development of CNS neuronal apoptosis was observed between the two strains of mice. This suggests that the induction of apoptosis may be of lesser importance in the pathogenesis of Sindbis virus encephalitis in the mouse than was previously thought (20) . Furthermore, these data suggest that Sindbis virus encephalitis in mice may result from the effect of inflam- matory cytokine expression on CNS neuronal function, similar to that which we have observed in the MVE mouse model.
We have shown that expression of iNOS mRNA was induced in the CNS in response to MVE infection. It has been suggested that sustained, high-level expression of iNOS, and thus the potent inflammatory mediator nitric oxide, by infiltrating monocytes and neutrophils or by resident CNS cells, such as microglia and astrocytes, may be a determinant of disease severity in several animal models of viral encephalitis (18) . This hypothesis is supported by the study of iNOS inhibition with aminoguanidine, which resulted in prolonged survival and decreased mortality of MVE-infected mice compared to those of placebo-treated controls. Aminoguanidine has a potent and highly specific inhibitory effect on iNOS at the concentrations used in this study (29) . Interestingly, the reduced mortality and prolonged survival of aminoguanidinetreated mice was less marked than that resulting from neutrophil depletion, suggesting that other neutrophil-associated inflammatory mediators are involved in the pathogenesis of encephalitis. Our findings are supported by the work of Kreil and Eibl (19) , who showed that tick-borne encephalitis virusinfected mice treated with aminoguanidine throughout infection had significantly prolonged survival compared to controls. Nitric oxide has been shown to disturb neuron function (8, 37) , suggesting a mechanism by which high-level NO expression within the CNS may contribute to encephalitis. In addition, sustained expression of NO within the CNS increases permeability of the blood-brain barrier (4) and induces further expression of CXC chemokines, such as N51/KC, in the CNS (34) .
We offer the following hypothesis for the development of encephalitis in MVE-infected immunocompetent mice. Viral replication and expression of viral antigen in the CNS of infected mice activate resident astrocytes and/or microglial cells, leading to localized expression of TNF-␣ (40). TNF-␣ induces the expression of leukocyte adhesion molecules on the surface of cerebral endothelial cells, resulting in margination of neutrophils and monocytes within cerebral capillaries (35) . TNF-␣ also stimulates expression of the chemokine N51/KC by resident CNS cells (40, 41) , resulting in chemotaxis of neutrophils across the cerebral endothelium (i.e., the blood-brain barrier) and into the CNS parenchyma. Upon entry into the CNS parenchyma, neutrophils release several inflammatory mediators, including nitric oxide, which disturb CNS homeostasis and neuronal function. The disturbance of CNS homeostasis in MVE infection may be exacerbated further by the combined effect of TNF-␣ and NO on the integrity of the blood-brain barrier (31, 41) .
In conclusion, these studies provide clear evidence for an immunopathological mechanism in the pathogenesis of Murray Valley encephalitis in mice and may ultimately be of use in determining a role for anti-inflammatory agents in the management of flavivirus encephalitis in humans.
